Bacillus subtilis kinA (spoIlJ) gene were shown to bypass the sporulation defect in strain EG1351 as well as a spoOF mutation in B. thuringiensis EG1634. Additional studies showed that the hknA gene was not defective in strain EG1351. The results of this study suggest that hknA encodes a novel histidine protein kinase involved in B. thuringiensis sporulation. We also propose that the CryIIiA-overproducing phenotype of strain EG1351 is most likely due to a defect in the phosphorylation of SpoOA and confirm that CryIIIA production is not dependent on sporulation.
The gram-positive bacterium Bacillus thuringiensis is the natural host for a variety of plasmid-encoded insecticidal crystal proteins (ICPs) that are toxic to important coleopteran, lepidopteran, and dipteran insect pests (11) . Several classes of ICPs have been identified (Cryl, Cryll, CrylIl, and CryIV, etc.) on the basis of their protein sequence similarities and their target insect specificities. Most ICP gene transcription is concomitant with sporulation, and several ICP genes that are dependent on the sporulation-specific sigma factors cF" and CF have been identified (1, 6) . In contrast, Sekar (28, 29) and De-Souza et al. (7) have demonstrated that the CryIIIA protein is expressed during vegetative growth, an observation confirmed in our study. Similarly, other members of the Crylll class of ICPs are produced during vegetative growth (19) . This is likely a consequence of the eA-like promoter sequences identified by Donovan et al. (10) for the cryIIIA, cryIIIB, and cryIIIB2 genes.
In this study, we describe CryIIIA-ICP production in the asporogenous B. thuringiensis strain EG1351. Our results show a 2.5-fold increase in CryIIIA protein production in EG1351 compared with that of the isogenic wild-type strain EG2158 (9) . A B. thuringiensis cosmid library was constructed for complementation of function studies in order to investigate the nature of the EG1351 mutation. The hknA gene was identified from the cosmid library by complementation of the Spodefect in strain EG7651, an acrystalliferous derivative of EG1351. However, further studies showed that hknA was not defective in EG7651 and that the Spo-phenotype of EG7651 was bypassed by multiple gene copies of hknA. The deduced HknA protein sequence was determined to be similar to that of the B. subtilis histidine kinase, KinA (SpoIIJ) (3, 26 cascade by directly phosphorylating the SpoOF protein (13) . Sporulation is delayed in kinA mutants, while multiple copies of the kinA gene can suppress certain stage 0 mutations (26) . The identification and characterization of the hknA gene, its role in B. thuringiensis sporulation, and the nature of the Spomutation in strain EG1351 are discussed.
MATERIALS AND METHODS
Bacterial strains and media. B. thuringiensis strains that were used in this study are listed in Table 1 . Strain EG1351 is a spontaneous asporogenous isolate of EG2158, a naturally occurring strain that harbors the cryIIL4 gene on an 88-MDa plasmid (9) . The acrystalliferous strain EG7651 is a cured derivative of strain EG1351. Strains EG1385(pEG1007), EG1386(pEG1020), EG1671(pEG1010), EG1672(pEG1011), EG1673(pEG1006), EG1674(pEG1019), and EG1676 (pDG580) were all derived by transforming EG7651 with the appropriate plasmid DNA as indicated in parentheses. Strain EG7566 is a plasmid-free derivative of HD73-26 and was used in the construction of a recombinant B. thuringiensis cosmid library. Strain EG10368 is a derivative of the acrystalliferous strain HD73-26 and is more readily transformed by plasmid DNA harvested from Escherichia coli (8) . Strain EG1668 harbors a disruption of the hkn4 gene created by homologous recombination between pEG1024 and the hknA locus in EG10368 (see below). Strain EG1634 is derived from EG10368 and contains a disruption in the B. thuringiensis spoOF allele (20) DNA and were identified from a B. thuringiensis cosmid library. Plasmid pEG1006 was derived from pEG1020 by deletion of a 3.2-kb BamHI DNA fragment. Plasmid pEG1007 was derived from pEG1020 by excision and replacement of the 3.2-kb BamHI DNA fragment in the opposite orientation. Plasmid pEG1010 contains the 6.5-kb PstI-HindIII DNA fragment from pEG1020 ligated into the polylinker of pEG597 (5) . Plasmid pEG1011 contains the 4.0-kb BamHIHindIII DNA fragment from pEG1020 ligated into the polylinker of pEG597. Plasmid pEG1004 contains the 3.2-kb BamHI DNA fragment from pEG1020 cloned into the polylinker of pUC18. Plasmid pEG491 consists of a 6.5-kb BamHI DNA fragment containing the temperature-sensitive origin of replication (rep'5) and the chloramphenicol acetyltransferase gene (cat) isolated from pTV32't (35) the genome leaving either a wild-type hknA or a NotI-linker disrupted form of hknA (hknA::NotI-linker). In order to identify those clones containing the disrupted form of hknA, chromosomal DNA was prepared from six Cms colonies and each was used for PCRs along with two oppositely oriented hknA-specific primers. The primers selected were homologous to hkna DNA sequences located 5' and 3' to the internal hknA DNA sequence contained on pEG1024. Analysis of the resulting PCR products by NotI restriction digests showed that three of the six colonies were identical and contained the hknA:: NotI-linker allele (determined by the presence of a NotI restriction site). One of the three strains, designated EG1668, was selected for subsequent studies (see below).
Nucleotide sequence accession number. The GenBank/ EMBL nucleotide accession number for the B. thuringiensis hknA gene is U03552.
RESULTS
Increased production of CryILiA protein in the Spo-B. thuringiensis strain EG1351. B. thuringiensis EG1351 (Table 2) was identified as a spontaneous asporogenous mutant of strain EG2158 (9) . Microscopic evaluation of EG1351 cultures grown on sporulation medium showed a marked increase in CryIIIA crystal size compared with similarly grown EG2158 cultures. In addition to the unusually large rhomboid crystal, EG1351 cells are also characterized by the absence of a developing forespore. To quantitate the level of CryIILA protein production, an SDS-PAGE gel was run on 3-day-old C2 cultures of EG2158 and EG1351. Densitometric analysis of the SDS-PAGE gel showed a 2.5-fold increase in CryIIIA production in EG1351 compared with that in EG2158 ( Fig. 1; compare lanes  b and d and lanes c and e) .
Previous reports have shown that the cryIIL4 gene contains a oA-like promoter (10) and is transcribed during vegetative growth (7, 28, 29) . To assess whether the expression of CryIIIA protein is altered in vegetative EG1351 cells, a time course of CryIIIA protein production in EG1351 and EG2158 was determined by Western blot (immunoblot) analysis (Fig. 2) tative phase. A distinct preprocessed form of the CryIIIA protein was detected in both strains as early as mid-log growth in sporulation medium ( Fig. 2 ; t4 NSM) and in the nutrientrich BHIG medium ( Fig. 2; t4 BHIG) . The processed form of the CryIIIA protein was detected at approximately stationary phase in both strains (t-1 NSM). The level of CryIIIA production during vegetative growth appears to be higher in EG2158, suggesting that the increased accumulation of CryIIIA in EG1351, as evident by SDS-PAGE (Fig. 1) 5,000 transformants were screened in this manner, and two colonies that displayed an opaque phenotype were recovered. The cosmids identified from the opaque colonies were designated pEG1019 and pEG1020. Endonuclease restriction analysis showed that the cosmids contained cloned B. thuringiensis DNA fragments that shared identical 5' ends, while the cloned DNA fragment in pEG1019 contained an additional 3 kb of 3' DNA sequences (Fig. 3) .
Derivatives of pEG1020 were constructed and subsequently introduced into EG7651 to determine the location of the complementing DNA fragment (Fig. 3 ). Plasmids pEG1006 (in which the 3.2-kb BamHI DNA fragment was deleted), pEG1007 (in which the 3.2-kb BamHI DNA fragment was replaced in the opposite orientation), and pEG1011 (which contained the 4.0-kb BamHI-HindIII DNA fragment) all failed to complement the EG7651 Spo-mutation. Plasmid pEG1010, which contained the 7.5-kb PstI-HindIII DNA fragment, complemented the Spo-defect in EG7651. These data localized the gene that complemented the Spo-mutation in EG7651 as spanning the more rightward of the two BamHI sites contained on pEG1020 (Fig. 3) .
DNA sequencing and characterization of the hknA gene that suppresses the Spo-defect in strain EG7651 (EG1351). Initial sequence data for DNA contained on pEG1020 were obtained using plasmid pEG1004 and the forward and reverse M13 sequencing primers (GIBCO BRL). Additional DNA sequence analysis identified an open reading frame (of) of 1,119 bp which spanned the BamHI site in pEG1020 that was identified by complementation studies. The DNA and the deduced amino acid sequences of the orf, designated hknA (histidine kinase A) on the basis of protein similarities (discussed below), are shown in Fig. 4 . Mapping of the 5' end of the hknA mRNA by primer extension analysis (Fig. 5) the B. thunngiensis strains EG1351 (Spo-) and EG2158. Total RNA was harvested at the appropriate time points from NSM cultures of EG1351 and EG2158. An identical oligonucleotide primer was used in both the DNA sequence and primer extension reactions. A specific primer extension product is detected during both the vegetative (t3 and t-1) and poststationary (t1 and t2) phases of growth in EG1351. An identical product is detected only during vegetative growth in EG2158 (t3 and t_1). The transcription start site is indicated by an asterisk and resides 35 bp upstream of the putative ATG (Fig. 4) .
the hknA gene resemble a er-dependent promoter sequence, suggesting that the hknA gene is transcribed during vegetative growth. This was confirmed by analyzing hkn,4-specific mRNA production in NSM-grown cultures of EG2158 and EG1351 by primer extension analysis (Fig. 5) . In the Spo+ strain EG2158, hknA mRNA was not detected after to. In contrast, hknA mRNA was observed at all time points in EG1351, consistent with the expression of a o.A-dependent gene in a sporulationdeficient background. These data show that hknA transcription in the Spo-strain EG1351 was prolonged compared with that of the isogenic Spo+ strain EG2158. A set of 13-bp inverted repeats with a AG (25°C) of 25.2 kcal (ca. 105 kJ)/mol resides immediately 3' to hknA (arrows in Fig. 4) and could function as a rho-independent terminator, suggesting that the hknA gene is transcribed as a monocistronic unit.
HknA is homologous to histidine kinases belonging to two-component signal transduction systems. The 43.6-kDa protein deduced from the hknA DNA sequence shows similarity to the histidine kinase, KinA (SpoIIJ), from B. subtilis (3, 26) as well as to other histidine kinases that belong to two-component signal transduction systems (24) . Two-component regulatory systems are composed of a histidine kinase and a cognate response regulator. The majority of the sequence similarity observed between the histidine kinases occurs in the carboxyl domain. Signals, presumably received through the amino domain, result in the autophosphorylation of the histidine kinase at a conserved carboxyl histidyl residue and subsequent transfer of the phosphate moiety to the corresponding response regulator (12, 13, 24) . In the case of KinA, the target response regulator is SpoOF, a member of the SpoOA phosphorylation cascade (32) . Alignment of the HknA and KinA proteins shows that the majority of the 22% sequence identity observed between HknA and KinA occurs within conserved carboxyl domains that are shared among histidine protein kinases (Fig. 6) .
Multiple copies of hknA or kinA suppress early sporulation defects in B. thuringiensis. The similarity of HknA to KinA suggested that HknA may function in a manner similar to that of KinA in early sporulation. In B. subtilis, increased gene copy of kinA has been shown to bypass spo mutations that occur in the spoOK, spoOF, and spoOB components of the SpoOA phosphorylation cascade (26) . However, elevated gene levels (13) . This is in contrast to the tight Spo-phenotype of EG1351 that was suppressed by multicopy hknA ( Table 2 ). These observations, together with the relatedness of HknA to KinA and the ability of increased levels of hknA to suppress a spoOF mutation in B. thuringiensis, suggested that the hknA gene may not be responsible for the Spo-defect in EG1351. This was confirmed with B. thuringiensis EG1668, which harbors a disruption of the hknA gene (see Materials and Methods) and showed no significant effect on sporulation frequency (Table 2) or on CryllIA protein production (19) . To support this result, the hknA gene was PCR amplified from strains EG2158 and EG1351 and sequenced (19) . No significant difference was observed between the hknA DNA sequences from EG1351 and EG2158. of kinA are unable to bypass a defect in the spoOA gene (26) . To evaluate the effect that multiple gene copies of hknA or kinA have on an early sporulation mutant in B. thuringiensis, strain EG1634 (spoOF [20] ) was transformed with either the hknA-encoding pEG1020 (strain EG1635 [ (7, 10, 28, 29) . Like cryILA, the cryIIIB and cryIIIB2 genes also possess oA-like promoter sequences and are expressed during vegetative growth (10, 19 (19) .
The nature of the EG1351 mutation, as determined from experiments using the acrystalliferous isogenic strain EG7651, has not been resolved. However, the results of this study suggest that the mutation occurs early in sporulation and probably affects the SpoOA phosphorylation cascade. In support of this proposal, multiple copies of the kinA gene were shown to bypass the EG7651 Spo-defect and the spoOF mutation in B. thuringiensis (Table 2) , just as increased kinA levels have been observed to bypass certain stage 0 mutations in B. subtilis (26) . Likewise, multiple copies of the hknA gene were also shown to bypass the EG7651 defect as well as the spoOF mutation in B. thuringiensis (Table 2) . Furthermore, we have demonstrated that the vegetative transcription of the hknA gene was down-regulated at to in wild-type B. thuringiensis, while hknA mRNA was detected well into stationary phase in EG1351 (Fig. 5) . Whether this down-regulation of hknA is due to the action of a transition state regulator (25) is not known. These observations suggest an early sporulation defect in EG1351, since defects that occur later in sporulation would be unable to support vegetative gene expression. Lastly, we have shown that the CryIIIA protein is overproduced in EG1351. Recent reports demonstrate that the CryIIIA protein is also overproduced in a spoOF mutant of B. thuringiensis (20) and that a spoOA mutant of B. subtilis supports increased cryIIL4 transcription (2) .
Since multiple copies of the kinA gene cannot bypass Spomutations in the B. subtilis spoOA gene (26) , it is reasonable to expect that the EG1351 defect does not affect the recently identified B. thuringiensis spoOA gene (20) . We have used the recently described B. thuringiensis spoOF gene (20) to PCR amplify and sequence spoOF from both EG1351 and its isogenic wild-type strain EG2158. The results have shown that spoOF is not defective in EG1351 (19) . Of the remaining spoO genes that have been identified in B. subtilis (12, 13) and that are presumably represented in B. thuringiensis, defects in the spoOK or spoOB genes are likely candidates for the EG1351 mutation.
In regard to CryIlIA protein expression, two factors may account for the overproduction of CryIIIA in an asporogenous background. First, the increased accumulation of CryIIIA protein may be a consequence of the terminal stationary phase of an early Spo-mutant of B. thuringiensis. This prolonged stationary phase would allow additional time for gene transcription, protein synthesis, and crystal growth. Our studies seem to exclude altered CryIIIA protein expression during the vegetative phase, as demonstrated by our Western blot analysis of the temporal expression of CryIlIA protein in EG1351 and EG2158 (Fig. 2) . Processing of the 73-MDa form of the CryIIIA protein to its 66-MDa form was not altered and occurred during early stationary phase in both strains. Second, induction of sporulation-specific proteases (15, 16, 18) , which would not occur in early sporulation mutants, may affect the stability of the CryIJIA protein in wild-type B. thuringiensis strains. Our Western blot analysis of CryIIIA production showed a consistent breakdown pattern for the CryIIIA protein in the wild-type strain EG2158 (Fig. 2) . In contrast, the CryIIIA protein from the Spo-strain EG1351 was detected primarily as a full-length protein (Fig. 2) . Accordingly, both of these factors likely contribute to the increased accumulation of CryIIIA protein in strain EG1351.
